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This research program utilizes satellite and surfaced-derived cloud observations together
with standard meteorological measurements to evaluate and improve our ability to
accurately diagnose cloud coverage. Results of this research will be used to compliment
existing or future parameterizations of cloud effects in global and regional-scale
meteorology forecast models, since nearly all cloud parameterizations must specify a
fractional area of cloud coverage when calculating radiative or dynamic cloud effects,
and current parameterizations rely on rather crude cloud cover estimates.
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L Project Statement of Work

This research program utilizes satellite and surface-derived cloud observations together
with standard meteorological measurements to evaluate and improve our ability to
accurately diagnose cloud coverage. Results of this research will be used to compliment
existing or future parameterizations of cloud effects in global and regional-scale
meteorology forecast models, since nearly all cloud parameterizations must specify a
fractional area of cloud coverage when calculating radiative or dynamic cloud effects,

and current parameterizations rely on rather crude cloud cover estimates.

During the first phase of this research program, our goal is to evaluate and improve the
methods for calculating cloud cover within a mesoscale meteorology model. To
accomplish this, a mesoscale meteorology model will be quantitatively evaluated using
the U. S. Air Force 3DNEPH and RTNEPH satellite-derived cloud fields. Hourly-
averaged distributions of the model-derived cloud fields will be compared with observed
clouds at the finest spatial and temporal resolution of the corresponding datasets.
Algorithms currently used in global or mesoscale meteorological models to assess cloud
coverage will be objectively evaluated. We will then carry out an innovative search for
relationships between cloud coverage and numerous meteorological factors such as
relative humidity, stability, wind shear, moisture convergence, precipitation rate and other

parameters.

During the second phase of this research, the cloud cover data and improved
parameterizations of cloud coverage developed during the first phase will be incorporated
into a mesoscale meteorology model. Model forecasts which utilize the observed cloud
coverage and depth should be improved relative to forecasts which crudely specify cloud

properties.
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2, Project Progress: 1 Oct. 1991 - 30 Sept. 1992

During the first year of this research program, we have compiled and reviewed a list of
formulations used by various research groups to specify cloud cover. We find
considerable variability between formulations used by various climate and meteorology
models, and under some conditions, one formulation will produce a zero cloud amount,
while an alternate formulation calculates 95% cloud cover under the same environmental
conditions. All formulations hypothesize that cloud cover is predominantly determined
by the average relative humidity, although some formulations allow local temperature
lapse rates and vertical velocities to influence cloud amount. All formulations specify
that cloud fraction is zero below a “threshold” relative humidity, and there are several
estimates of this vertically-varying “threshold” based on physical arguments or “tuning”
of free parameters to match global albedo estimates. We find that a majority of the
formulations are based on limited observations, and evaluations of algorithm accuracy are
based on longer-term compilations of cloud cover observations that cannot resolve the

vertical distribution of cloud amount.

In order to explicitly evaluate the accuracy of these and future cloud cover algorithms, we
have prepared an evaluation database of cloud cover and related meteorological
observations during a springtime midlatitude cyclone. This growing dataset contains
simultaneous observations of cloud cover fraction, moisture, wind speeds, temperatures at
over 5000 (320 km)? areas over the northeast U. S. at 15 tropospheric levels. Cloud
cover is derived from the U. S. Air Force 3DNEPH satellite archive, and related
meteorology is extracted from the NMC analysis. We have developed initial versions of
a set of analysis programs designed to search for and quantify correlations between cloud
cover and other meteorological factors. This cloud observational database is being used

to assess the accuracy of existing cloud cover algorithms.
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We find that most cloud cover algorithms tend to underpredict cloud coverage at any
particular level in the troposphere, especially under dry conditions, when we find 10 - 20
% cloud cover at relative humidities as low as 20 - 30% within certain tropospheric layers
averaged over (320 km)2 areas. We also find that cloud amount appears to increase with
increasing humidity at all relative humidities, in stark contrast to existing formulations,
which contain no cloud cover sensitivity to relative humidity at humidities below the 70 -
90 % “critical” humidities used by these models. We see no clear evidence that cloud
cover vanishes at a “critical humidity”. Based on these initial comparisons, we feel that
current short-term meteorology models cannot adequately assess the changes in cloud
cover that may results from small changes in relative humidity induced by larger-scale
forcings. Additionally, a potentially important feedback between climate change and
changes in cloud cover are probably not adequately simulated by current models of global

warming.

We have discovered an apparent discrepancy between observed relative humidity in the
upper troposphere under dry conditions, and calculations of relative humidity using the
NCAR Mesoscale meteorology model, with the model calculating excessive relative
humidity in the upper troposphere under unstable conditions. This is most likely
attributable to an incorrect parameterization of moisture redistribution by the convective
parameterization used by the model. Such an error would lead to an inaccurate cloud

coverage calculation if it were present in a forecast model.

We have begun development of an improved convective-scale vertical mixing
parameterization for use in our mesoscale meteorological model in order to alleviate the
deficiency in the NCAR mesoscale meteorological model. At this point, the model is
being tested as a stand-alone, single column model that is being tested with observations
of tropical convection. This convective mixing algorithm will be based on a detraining

cloud-plume description of buoyantly-driven cloud motions, and include a reasonably
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sophisticated description of multi-stream cloud up- and down-drafts with somewhat more
sophisticated microphysics than are currently incorporated into most cumulus
parameterizations. This new cumulus parameterization will be used to assess the heating
and moistening tendencies due to buoyantly-induced convection within hydrostatic

models of the atmosphere that cannot explicitly compute these effects.

In addition to the time devoted by Dr. Walcek to this research effort, two post-doctoral
research associates (Dr. Kesu Zhang and Dr. Hu Qi) and a graduate student are
contributing to various technical aspects of this project. We have also purchased
microcomputer and workstation-level computer software and hardware as needed by this

project.

Dr. Walcek presented results from this research effort at two scientific meetings: the 11th
International Conference on Clouds and Precipitation held in Montreal, Canada, 17-21
August 1992; and the WMO Cloud Microphysics and Applications to Global Climate
Change Workshop held in Toronto, Canada from 10-14 August 1992. We have also
prepared a manuscript for journal publication summarizing the research results described
above. Meeting abstracts citations are listed at the end of this progress report, and a copy

of the reviewed manuscript (undergoing minor revisions) is provided with this report.

4. Budget Status:

As of 30 September 1992, 98% of the moneys budgeted for the first year have been
expended approximately as initially budgeted. Moneys budgeted for computer expenses
were used to purchase microcomputer and workstation hardware and software. Results of
the initial analysis of cloud cover were presented at international meetings in Canada, and
travel expenses associated with these meetings were included with the original budget.

Costs associated with hiring an additional post-doctoral research associate (Dr. Hu Qi) to




—
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assist in this research effort were also incurred during the year. Two candidates were
considered for this position, and expenses associated with interviews were partially

defrayed from this grant.

S. Plan for Next Year: 1 Oct. 1992 - 30 Sept. 1993

During the next funding year of this research effort, the cloud cover data and improved
parameterizations of cloud coverage developed during the first phase will be incorporated
into a mesoscale meteorology model. Model forecasts which utilize the observed cloud
coverage and depth should be improved relative to forecasts which crudely specify cloud
properties. During this period, we anticipate running improved versions of the MM4
meteorological model on USAF supercomputers. We plan to continue to expand our
inter comparison dataset on which we analyze cloud cover and related meteorology. In
addition to the springtime observation period, we will be simulating a summertime period

in conjunction with RTNEPH data.

On 12 October 1992, Drs. Walcek and Zhang traveled to Phillips Laboratory near Boston
to initiate a collaboration with Air Force scientists involved with similar research there.
After presenting results to the cloud-analysis research group there, Dr. G. Modica
familiarized us in the methods of running the mesoscale forecast model on USAF CRAY-
2 computer. Considerable modifications to the run procedure are required to transfer the
mesoscale meteorology model from the CRAY-YMP to the Phillips Laboratory
Supercomputer Center. Fortunately, USAF scientists have experience with this transfer,

and can thus save us considerable effort as our research progresses.
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Conference presentations, abstracts, and journal manuscripts resulting from this
research effort:

Walcek, C. J., 1992: Cloud cover and its relationship with relative humidity during a
springtime midlatitude cyclone: some implications for climate models. Proceedings, 11th
International Conference on Clouds and Precipitation. Montreal, Canada, 17-21 August
1992. Elsevier Publishers, 1128-1131.

Walcek, C. J., 1992: Extrapolating cloud-scale microphysical, dynamic, and radiative
processes to global and ci:matic scales: How accurately do we know the fractional area
of cloud coverage?. Workshop proceedings of the WMO Cloud Microphysics and
Applications to Global Climate Change Workshop. Toronto, Canada, 10-14 August
1992. In press.

Walcek, C. J., 1992: Cloud cover and its relationship with meteorological factors during
a springtime midlatitude cyclone. Monthly Weather Review. manuscript submitted and
under review, July 1992.




APPENDIX:

Manuscript submitted and reviewed by the journal
MONTHLY WEATHER REVIEW

This manuscript has been accepted for publication after minor revisions.
Following some minor revisions (in progress),
The article will be resubmitted during the month of November 1992.
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Cloud cover and its relationship to other meteorological factors
during a springtime midlatitude cvclone

CHRIS J. WALCEK
Atmospreric Sciences Rescaron Cener. Saze Univeray of New York, Aibany, New York
Decemper 1992

ABSTRACT

In this studv. we compare vertical distributions of fractional cloud coverage within ~320
)= areas with co-iocated standard meteorological observations over the northeast U, S. during a
springtime midlatitude cvelone. Cloud cover enservauons are derived trom the UL S, Air Foree
SDNEPH analyvsis of suatellite mmagery and arrace-based reports. Standard meteoroiogical
~arameters are mterpolated from measurements using a nvdrostatic mesoscale meteorology model.

Under conditions when no camuius convecuoen is possible. we tind moderate to good
positive correlations between cloud cover and reiative humidity and large-scale vertical veiocity,
arad evidence for weax negative correlations between cloud cover and wind shear and temperature
aapse rate. We present contours o the mean tractional cloud coverage observed at various reiative
midities and pressures. and suggest cleorithms for esumaung cloud coverage tfrom humidity
and/or vertical velocuy. These comparisons suggest that cloud cover decreases exponentally as
hunmidity talls below 100% . Relauve to other {avers in the troposphere. the middle troposphere
. 2.5 - 5 km above the surtace) contans the highest cloud amounts it the lowest relative humidities.
with mean cloud amounts of 30% near 30% humndity at 630 mb. At the same relauve humidity.
areas with large-scale upward motons contain higher cioud amounts than areas where subsidence
IS occurring.

Under convecuveiv unstable conditions. we see evidence tor increased cloud amounts
relative to stable conditions at the same numidity m the upper troposphere at high humidities. In

he lower troposphere. high hunudity environments where convection is possible contaimn iower
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loud amounts relative to stable conditions at the same relanve humdity. which may result from the
subsidence of dry air into the lower troposphere under convectively unstable conditions. These
‘indings must be interoreted with caution since we see evidence tor excessive water vapor
transport 0 the upper roposphere using the moisture convergence-hased convective mixing
algorithm within our dvnamic meteorological interpolation aigornithm. We tind evidence for a bras
in our area-averaged humidity estimates waen interpolating tfrom sparse. point radiosonde
measurements under unsiable conditions. More daccurate methods of interring cloud coverage trom
relative numudity will require more accurate methods of interring moisture distributions over large
areas, particularty within convectively unstabie sreas.

This analysis suggests that there 1~ consderable uncertainty in measuring cloud cover and
other meteorological factors averaged over Lirge areas. suggesting that any formulations ot cloud
cover fracton are highly uncertain. Over & wide vanety of meteorological environments associated
with a4 springume midlatitude cvcione. most cloud cover parameterizations used within
meteorological. climate. und chemical models of the atmosphere calculate cloud amounts less than
reported by the 3DNEPH observatons. especially in the middle troposphere. where most
algonthms specity zero cioud amounts at reiative humidities below 30 - 80%. Thus. current large-
saale climate simulations or atmosphernie chemicai madeling studies may signiticantly underestimate
the etfects of clouds.  More importantly. current climate models probably cannot adequately
estimate the potentially signiticant changes in cloud cover that can resuit from small changes in

relative hunudity.

1. Introduction

Microphysical ana dvnamical processes oceurring within clouds can significantly mtluence
numerous arger-scale dyvnamic. radiatve. and chemical processes occuiring in the troposphere
(e.g. Arakawa and Schubert, 1974 Ramanathan et al.. 1983 Walcek et al.. 1990). Since clouds
are frequentiv present. it s necessary tor accurate models of tropospheric climate or chemistry o
account tor therr eftects. Toas well known it clouds torm when the vapor pressure of water

exceeds the vapor pressure that would be saturated with respect to liquid water or ice. Within any
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parncular air mass. tluctuations in temperature and/or water vapor concentration can lead to areas
where condensation (ciouds) can occur even though the concentration of water averaged over the
Alr mass may not be saturated at the mean air mass temperature.

in large-scale numerical models of the atmesphere. chemical or meteorological properties
can only be expiicitiv resolved over reiatively large air masses. typically several 10°s to 100°s or
Kilometers horizontally and ~1000 m vertically. it 1s not unusual to observe fluctuations in both
temperature and moisture within air masses of this size due to turbulent motions. surtace
innomogeneities, terrain and other tacters. These perturbations induce cloud tormation on a scale
that cannot be resolved by larger-scale models or the atmosphere. Theretore. regional or globai-
wwule mieteorology models resort to parameterizations of cloud-induced radiative. dvnamic. and
chemical processes resulting trom subgrid-scale clouds. In most parametenizations of cloud-scale
processes. the heterogeneous (or subgnd-scale) nature of cloudiness 15 approximated by assunung
that o fraction ( f) of cach grid area is eccupied by clouds. This cloud traction is used to apportion
a sigmticantly different cloud “forcing ™ into a * nid-averaged” fores.. - within gnd areas that contan
a muxture of clear and cloudy regions. For the results presented here. cioud cover fraction 1s
Jdetined as the traction of a given horizontal plane in the atmosphere where condensed water 1
vivplv present. This definition becomes somewnat vague when “thin” clouds are present.
conditon that commonly occurs in the upper oposphere. Under these conditions. it will be
drtficult to explicitly quar 1y the fractional area of cloud coverage.

Manv studies ot clouds and their etfects on tropospheric processes have concluded that
even smali cloud amounts can exert a significant intluence on larger-scale processes. Under these
conditions. the net etfect »f clouds on anyv physical or chemical process will be proportional to 1.
the tractional area of cloud coverage. Most models ot tropospheric dynamics assume that the
tfracuonal area of cloud coverage 1s determined by the grid-averaged relative humidity. Figure |
shows the functional dependence of cloud coverage within a particular atmosphernic layver trom a
survey of formulations currently used by various researchers. All tormulations assume a “cntical

rerative humidity” ot between 30 - 907 woove which partially cloudy conditions can occur. Betow
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this critical humidity, all algorithms specity totally clear skies. At humidities above the critical
humidity. cloud fraction increases by differing functional dependencies to 100% cloud cover at
100% humidity.

Figure 1 shows considerable differences between alternate formulations in assessing cloud
coverage within current meteorology and climate models. At 80% humidity, the NCAR
Community Climate Model (Williamson et al.. 1987) specifies 95% cloud cover (under stable
conditions), the British Meteorological Office ciimate model (Smith. 1990) uses 0% cloud cover.
while other algorithms specifv cloud coverage between these extremes.

The differences and uncertainty exhibited in Fig. | have motivated researchers to evaluate
and improve methods for diagnosing cloud cover. Relationships between cloud cover and other
meteorological factors can be quantified and evaluated using two approaches: (1) using
observations of cloud co~- and associated meteorologyv (e. g. Slingo, 1980: Sundgvist et al..
1989). and (2) inferring cloud cover trom fine-resolution dynamic riodels capable of explicitly
resolving cloud-scale dynamics (Xu and Krueger. 1991).

The primary problem with using observations to infer relationships between cloud cover
and other meteorological factors is the ditficulty of measuring highly-variable quantities of interest
over relatively large areas. Accurate measurements capable of vertically resolving cloud coverage
require high-density vertical soundings. together with satellite and relatively expensive aircratt
observations. Due to the expense associated with such measurement programs. there are only
limited observational datasets under a few meteorological environments from which to evaluate and
improve cloud cover algorithms.

When models capable of resolving cloud-scale processes are used to ascertain cloud
coverage. the accuracy and reliability of the modeling techniques are subject to an independent
evaluation, which ultimately relies on observations. Sensitivities of model calculations to the
model dimensionality, turbulence and microphysical parameterizations. and other factors must also

be evaluated.
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In this study. we compare standard meteorological observations with satellite-derived cloud
coverage to ascertain the relationships between cloud coverage and other meteorological factors.
We acknowledge betorehand that the standard meteorological parameters and the cloud cover
measurements used in this analvsis contain a considerable level of uncertainty that is difficult to
quanuty. However. we teel that the large size of our companson database will allow us w0
ascertain the true .elationships that may exist between cloud cover and other meteorological
rfactors. With a more accurate. observation  v-based method of inferring cloud cover. the global-
scale influence of cloud microphysical and dvnamical processes can be more accurately treated in

larger-scale studies of meteorology and atmospheric chemistry.

2. Cloud cover observations

Numerous cloud cover datasets have been collected and analvzed over the past several
decades. Hughes (1984) provides a summary of the characteristics of cloud climatologies available
in the early 1980°s. The earliest cloud climatologies were compiled solely trom surface-derived
observations, and were often aggregated in time at various latitudes and time of day. Cloud
observations in these early archives were otten composed of once-per-day observations averaged
over relatively long time trames into seasonal or monthly data at a resolution or 5 - 10° latitude or
longitude. Virtually all of the cloud cover datasets reviewed by Hughes (1984) were designed for
use n textbooks or climate studies requiring relatively coarse temporal and spatial resolutions.

For short-term. regional-scale meteorological and chemical studies. instantaneous
distnbutions of cloud conditions are required throughout a simulation period. updated as frequentlv
as the underlying meteorology is changing. These models cannot readily use cloud cover sstimates
that are temporally averaged over large areas encompassing numerous meteorological
environments.  These models must use cloud coverage estimates based on shorter-term
observations.

The United States Air Force Environmental Technical Applications Center has been
recerving and storing Air Force Global Weather Central (AFGWO) cloud data since January 1971,

From 1971 to 1983.1.  \FGWC used an operational real-time three-dimensional analysis of cloud
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cover referred to as 3DNEPH (Fve. 1978). The 3DNEPH is a global analysis of cloud cover that
uses surtace-based and aircraft reports. together with visual and intrared satellite imagery to
produce 3-D cloud cover information on a routine hasis. During periods when satellite or surtace
data are lacking. clouds are inferred trom rawinsc...e temperatures and dew points. The data are
crided onto a polar-stereographic global grid with 15 vertical layers between the surface and ~16
km above the surtace. Horizontally. the ¢rid size varies trom ~25 km near the equator to ~60 km
at the poies. The 3DNEPH stores cloud cover information every three hours.

Any cloud cover database will contain a level of uncertainty that is difficult to explicitly
cvaluate. The 3DNEPH assimilates virtuallv all routinelv-available cloud observations into the
cloud arcnive, making an independent evaluation unpossible. Numerous unevaluated algorithms
are used to consolidate surface-based observations together with visible and infrared satellite
imagery. Hughes and Henderson-Sellers ( 1985) perrormed an analysis of a later version of the Air
Force cloud archive (RTNEPH) for 1979, and although numerous areas of obvious but minor
errors were discovered. thev tound that the RTNEPH observations were generally reliable and in
cood agreement with known teatures of tropospheric meteorology. Problems were tound when
satetlite data were gathered over highly variable backgrounds or backgrounds with snow or sea ice.
Also. periods of missing data are not uncommon in the data. although they are identified.

In this study. we use tive noon-time spring periods analvzed over the northeast U. S. by
the 3DNEPH. At noon. we expect the maximum utilization of aircraft and surface reports together
with visual and infrared satellite imagerv by the 3DNEPH analysis. Fig. 2 shows the cloud
coverage within ~(320 km)- areas (box shown in Fig. 2) in the layver 800 - 730 mb at local noon.
23 April 1981. The (320 km)? averaging area corresponds to the finest “resolution™ of the
corresponding meteorology observations used in this analysis. During this five-day period. a
relatively intense midlatitude cvclone developed and traversed the domain shown in Fig. 2. Atthe
time of Fig. 2. the cyclone was situated near the center of the domain. and the cloud cover shows a
warm trontal region over the Great Lakes. and a cold front extending from Pennsylvania to Texas.

This period and domain were chosen for analvsis since there are a wide variety ot meteorological
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conditions present from which we can determine methods to evaluate cloud coverage that may be

generally applicable.

3. Standard meteorology observations

Temperature. moisture and dvnamical data used in this analysis are taken trom observations
and spatially and temporally interpolated onto an (80 km)? Lambert-contormal grid using a
nvdrostatic mesecscale meteorology model. Observations are derived from the National
Meteorological Ce.ter global meteorological analysis and further enhanced using 3-hourly surface
observations and 12-hourly vertical rawinsonde measurements. Vertically, these meteorological
data encompass the surface and 100 mb pressure surtace (~16 km). and horizontally they span the
contiguous United States.  The vertical grid size of the meteorology data is ~80 m near the
surface. und on the order of a kilometer or more alott. These cbservations are provided as initial
and boundary conditions to the NCAR mesc :ale meteorological model (MM4 - Anthes and
Wamer. 1978). During model execution. observations are incorporated into the model calculations
in regions near observation locations. Differences between observed and calculated temperatures.
humidities and wind speeds are continuously minimized through the use of additional tendency
terms in the momentum. moisture. and thermodynamic equations which “nudge™ the calculation
towards the observations. The mesoscale meteorological modeling system is not used to “predict”
or “forecast” meteorology for this study. Rather. the model provides a method to enhance the
spatial and temporal resolution ot observed meteorology by interpolating the observations in a
dvnamically and physically reasonably manner. Thus. model calculations agree closely with
observatuons when and where observations are available. and when no observations are available,
the meteorological data are dvnamically consistent. Meteorology interpolated and analyzed from
observations in this manner provides data ot superior temporal and spatial resolution relative to
“raw’ . point observations. Since virtually all available measurements are used to “nudge™ the
model calculations. the temperatures. moistures. and dvnamic variables resulting trom this analysis
agree with the measurements to within the instrument uncertainty. The uncertainty in our estimates

of the meteorological state of the atmosphere in areas or times where no observations are available
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is of course unknown. Stauffer and Seaman (199() provide an analysis of the etfects of
observation assimilation on the quality of grided observational datasets.

Any method of extrapolating “"point” measurements to larger averaging areas will introduce
an uncertainty into the area-averaged “observations”. With current observations, it is virtually
impossible to quantify the magnitude of this “scaling-up™ uncertainty. For a particular radiosonde
launch. if a balloon-borne probe rises through a cloudy region of a layer of the atmosphere
containing a mixture of clear and cloudy areas. it will report 100% humidity for that layer when the
mean relative humidity in the laver would be well below 100%. How often these conditions occur.
and just how “noisy” the temperature and water vapor fields are within areas the size of larger-scale
model grid areas is a highly variable and uncertain quantity. Measurement programs to quantify
these uncertainties would require high time and space resolution vertical soundings of the
atmosphere under a wide variety of meteorological conditions. Until such measurements are made.
there will be significant and difficult to quantify uncertainties in “measurements’” of any
meteorological quantity averaged over areas larger than the “footprint™ area within which a
measurement device operates.

Fig. 3 shows the relative humidity in the 300 - 730 mb layer interpolated from observations
using the mesoscale meteorology model described above. The temperature and moisture
calculations are aggregated into overlapping (320 km)- areas. representing a 4 x 4 average of the
80 km grid used by the MM4. The domain shown in Figs. 2 - 3 represents approximately one-half
ot the domain simulated by the mesoscale meteorological analysis.

In Figs. 2-3. we have mapped both the cloud cover and humidity data onto the identical
320 x 320 km grid by area-averaging the “raw’ temperature. moisture or cloud cover data.
Vertically. the cloud cover and mesoscale interpolation model grids are slightly different. and the
cloud cover grid was transposed onto the meteorology model pressure-based coordinate using a
cloud volume conserving mapping. As a result. a total of 5600 data points at 15 tropospheric

levels are available tor comparison durtng the tive noon-time periods studied.




DECEMBER 1992 WALCEK 9 of 33

4. Cloud cover under stable conditions

We expect cloud coverage to be influenced by the presence of buovancy-induced
convection that is not resolved by the coarse resolution of the meteorological observations used in
this analysis. For the first portion of this analysis. we consider only areas where cumulus
convection cannot occur. Local stability (dT/dz) at any point in a sounding is not a sufficient
indicator of the presence of convective activity. since convection can often penetrate into
atmospheric lavers that are absolutely stable with respect to vertical perturbations (Stull. 1991). In
order to define areas @ layers where buovancy-induced convection can occur, we provide a | m
5"t “push” to air with a slightly higher temperature and moisture content from each point on a
vertical sounding. In a conditionally unstable environment, the “‘pushed” parcel will accelerate
upwards. Ignoring frictional forces and pressure perturbations, the parcel velocity at levels above
the layer where it is perturbed can be obtained by integrating the vertical equation of motion for a
parcel rising under the influence of buovancy accelerations:

dw _g|T.-T,

ve
dz  w T

ve

-4, (D

where w s the parcel vertical velocity, T,, is the virtual temperature of the rising parcel. T, is the
virtual temperature of the surrounding environment through which the parcel rises. and g is the
gravitational acceleration. The condensed water content of the parcel (¢; ) is the total water content
tassumed to remain constant) of the parcel minus the saturated vapor mixing ratio at any level
above the lifting condensation level. For this study. we detine a given layer to have a potential for
convective clouds if parcels are capable of rising to that layer tfrom any layer below under the
intluence of buoyvant forces. These areas have been neglected in the following analysis in an
attempt to ascertain cloud cover under stable conditions only. We found between 1000 and 5000

stable grid areas at each of the 15 tropospheric levels during the tive noontime periods considered.
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a. Cloud coverage and relative humidity

The most commonly used indicator ot cloud coverage is the mean relative humidity of an
air mass. Others (Slingo. 1987) allow the local potential temperature lapse rate and vertical
velocity to influence cioudiness. Here we hypothesize that vertical shear of the horizontal wind
may also affect cloud cover. In order to evaluate whether any of these parameters are correlated
with cloud coverage. we calculate the correlation coefficient tor the best-fitting linear regression
between cloud cover and each of these meteorological factors. While we do not expect that any of
these parameters will be linearly related to cloud amount. we use this correlation analysis onlv as a
means to initially idenuty how strongly each ot these tactors correlates with cloudiness.

Fig. 4 shows the vertical distribution or the correlation coetficient tor the best-fit linear
relationship between cled cover and humidity. temperature lapse rate, wind shear, and vertical
velocity. Correlation coefficients with magnitudes greater than 0.8 are considered “excellent”
according to standarc austical texts. while correlations between 0.6 - (0.8 are considered
“zood’”. and correlations between ().4 - (.6 are onlv "moderate”. Correlation coefficients less than
(.4 indicate poor or no relationship between parameters. This figure shows that cloud cover is
most strongly correlated (positively) with relative humidity over most tropospheric lavers.
tollowed by vertical velocity. which shows moderate to good positive correlations at most
tropospheric levels. There is also evidence tor a weaker negative correlation between cloud cover
and both wind shear and potential temperaiare lapse rate.

In the upper troposphere. we find almost no correlation between cloud cover and other
meteorological vaniables. This results from two factors: (1) cloud amount and relative humidity
are relatively low in this laver (~10-20% cover at 10-40% humidity): and (2) measurement
uncertainty is most likely significantly greater than the mean humidities and cloud cover. It is well
known that water vapor concentrations are notoriously difficult to measure at heights above the 300
mb pressure surface. and often the standard radiosonde humidities or dew points are not even
ceported at these heights. In addition, the highest “lavers™ in this analysis dataset are actually

averaged over 3 - 4 km depths of the atmosphere. and therefore the “cloud area fraction™ defined
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above actually becomes more like a “cloud volume fraction”. Both relative humidity and cloud
fraction used in this analysis for the layers above the 3000 mb pressure surface are highly uncertain,
and any trends reported here must be interpreted with caution until better measurements are
available.

In agreement with previous assumptions of factors that atfect cloud coverage. Fig. 4
suggests that cloud cover is most strongly correlated with relative humidity. Using the
observations shown in Fig. 2-3. we now further investigate the relationship between cloud cover
and relauve humidity. Data shown in these two figures together with observations trom 4
additional days comprise several thousand (320 km)- areas where we have concurrent observations
ot both cioud cover and relative humidity. Fig. 5 shows the 3DNEPH cloud cover in the layer
between 300-730 mb plotted as a function of the interpolated relative humidity observations at over
2300 areas where there was no potential for convection.

A high degree of scatter is immediately evident in this comparison. The correlation
coetticient for the best linear relationship between cloud cover and relative humidity at this level is
a relatively poor (.64, This considerable scatter can be explained through two hypotheses: (1)
cloud amount is not strongly related to relative humidity alone: and/or (2). our ability to measure
both cloud amount and relative humidity over large areas is very poor. While it is difficult 1o
explicitly evaluate the uncertainties in the meteorological parameters presented in this study without
carryving out an exhaustive field measurement program. these uncertainties are most likely very
large. and as a first approximation probably approach the ranges of the scatter shown in Fig. 3, i.
. 20-30¢% uncertainty in cloud cover. and a similar range for uncertainty in relative humidity.
However. this high uncertainty does not imiply that existing measurements cannot be used to assess
relationships between cloud cover and related meteorolo..cal factors. If the sample size for this
study 1s large, and covers a wide range of meteorological environments, then trends in cloud cover
may be discernible. and the tunctional dependence of cloud cover on related nicteorological

parameters may be at least qualitatively revealed.
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Other tactors must be considered when viewing scatter diagrams like Fig. 5. Some of the
scatter shown in Fig. 5 is misleading since there are several hundred points with zero cloud amount
at humidities below about 43% that are literaily “on top™ of one another. Similarly, there are 10 -
20 coincident points at the 100% humidity and 100% cloud fraction that appear as a single point on
this scatter diagram, with as much signiricance to the viewer as individual outlying points
elsewhere on the figure. In addition. factors other than relative humidity may influence cloud
cover. and thus contribute to the scatter. However. a majority of this scatter is most likely
attributed to the considerable uncertaintv in measuring both relative humidity and cloud cover over
the large areas considered in this study.

The problem with observing cloud traction or relative humidity over large areas is
analogous to an observer using a badlv out-or-focus telescope to tind the location of a star 1n the
night sky. While the telescope observer mignt see a light fuzzy tmage surrounding the true location
ot the object in the skyv. the observer could not exactly pinpoint the object’s location. However.
the observer could plausibly hypothesize that the true location of the point of light is somewhere
near the middle of the fuzzyv image revealed by the telescope. Using similar reasoning, we
hypothesize that if cloud coverage is related to relative humidity, then that relationship should fall
within the range ot (and most likelv near the middle of) the scatter shown in Fig. 5. In assessing
rends in highly uncertain measurements shown in Fig. 3, we aggregate the observations into 5%
relative humidity increments. and then average the cloud coverage within these restricted humidity
ranges. Using this averaging technique. trends become apparent in the highly scattered and
uncertain observations. The average and standard deviation of the cloud coverage within 5%
relative humidity increments are shown as a curve with error bars on Fig. 5. As expected. cloud
amount increases as humidity increases. At humidities between 20 - 40%. there 1s 10 - 20% cloud
cover on average.

This process is repeated at all tropospheric levels to obtain the average cloud cover within
cach laver at any particular refative humidity. Fig. 6a shows the average cloud cover within (320

km)- stable areas as a function of the laver reiative humidity and pressure. At a particular relative
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humidity, cloud amounts are greatest in the 800 - 600 mb layer of the troposphere. a trend that is
consistent with earlier approximations (Buriez et al.. 1988: Geleyn et al.. 1982). The highest
cloud amounts occur under high humidities at 900 - 800 mb. but this figure shows that 10-20%
cloua coverage occurs at humidities as low as 20%, in contrast to the formulations shown in Fig. |
which ail specify zero cloud cover at humidities below 30 - 80%. Standard deviations of cloud
coverage within these 3% humidity increments (Fig. 6b) tall between 20 - 30% in absolute cloud
cover. which in many cases is greater than the mean cloud cover.

The trends in the average cloud amount shown in Figs. 5 - 6 suggest that fractional area of
cloud coverage decreases exponentially as relative humidity falls below 100%. and that there is no
clear ~critical relative humidity” where cloud coverage is alwavs zero. The trends in the average
cloud amount shown in Figs. 3 - 6 suggest the rollowing approximation for cloud amount f as a

function of relative humidity RA (Rhi<1):

‘ { Rh—11
f = expl ——— _ (2)
pil—Rlz?J

where

ol 02450 0<0T5

"1.8(1-0). c20.75

where 0 is the pressure relative to the surface pressure (P/Pg). The (1 - Rh.) termin Eq. 2 - 3 is
qualitativelv similar to the “‘criticai humidity™ used in previous cloud cover formulatons, aithough
here it represents the relative humidity depression from 100% where cloud amount decreases to
37% (e'h). Figure 7 shows the value of (1 - RA,) in Eq. (2) that yields the minimum root mean
square difference between observed cloud amount and cloud amount calculated using Eq. (2).
Also shown on this tigure are contours of the root mean square difterence between cloud amount
calculated using Eq. (2) and observed cloud amount as a function of the values chosen for the (1 -
Rher parameter. Individual data points represent the value of (1 - RA.) which produces the
minimum error, and ~he two linear segments plotted show Eq. (3), a simple formula that attempts

to stay near the areas i lowest error at each tropospheric level. Using Eq. (2) to calculate cloud
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cover from relative humidity [both averaged over (320 km)- areas] produced cloud cover estimates
tnatl on average contained a root mean square difference of 7 - 25 percentage points from the

IDNEPH observations. depending on the tropospheric level considered.

b. Cloud coverage and vertical velocity

As shown in Fig. 4. vertical velocity is another parameter which intluences cloud coverage
almost as significantly as relative humidity. Some of the scatter about the mean shown in Figs. 5 -
6 may result trom deviations in vertical velocity within a restricted relative humidity range. In
order to estimate the effects of vertical velocity on cloud coverage. we turther subdivide
observations into 1 ¢m s'! vertical velocity increments. and investigate relationships between
vertical velocity and cloud cover. Fig. 8 siows the observed correlation between cloud cover and
vertical velocity in the 800 - 730 mb laver with relative humidity restricted to 50 - 35%. While the
correlation between vertical velocity and cloud cover 1s weak at this particular atmospheric level,
there is a discernible trend in the cloud cover if observations are aggregated into 1 cm s/
increments. In order to facilitate the identitication of trends, we have supertmposed the nearly
linear trend in aggregated cloud cover observations over the scattered observations. This tigure
shows that some of the scatter in the 30 - 35% humudity range shown in Fig. 5 can be attributed to
variations of vertical velocity. A bulk of the low cloud amounts observed at this humidity have
vertical velocities <-1 ¢m s'1, while there are very tew clear skies (f = () when the vertical velocity
IS positive.

In order to quantity the influence of vertical velocity on cloud cover. we calculate the
“eritical homidity” term (1 - Rhe) in Eq. 2 that vields the lowest root mean square differences
between tne observed cloud cover and cloud cover calculated using Eq. 2 using observations
contined to 1 cm s°! vertical velocity increments. Fig. 9 shows the tunctional dependence of this
critical humidity depression as a function ot vertical velocity for the two tropospheric lavers.
These data show an approximately linear relationship that is reproduced at all other tropospheric

levels. The fractional area of cloud coverage when the vertical velocity is close to zero is best
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approximated by Eq. 3. and Fig. 10a shows the vertical variation o: ihe slope of the best-titting
line through the data shown in Fig. 9 for all wopospheric levels. Theretore. if both relatve
humidity (RA) and vertical velocity (w - cm s°i) are used 1o estimase cloud coverage, we propose

the tollowing formulations:
Rh—1 i

- (1)
p[ max[(l - Rh )+().10‘"w.\).()()l] ]

»r' =ex

Again. ¢ is the pressure relative to the surtace pressure (P/Py), and the (1 - Rh;) term in the
denomunator ts specified in Eq. 3. As shown in Fig. 10b. using both humidity and vertical
velocnty tEgs. 3 - 4) to specity cloud cover reduces the root mean square deviations trom the
SDNEPH cloud cover by less than 1) percent relative to using only reiative humidity (Eq. 2 - 3).
The caiculatons of Ea. 4 applied to one hunudity range and level are also plotted as the curve
identified in Fig. 8. For th  Harticular level and relative humidity range, the parameterization
produces a slight overestimate of cloud cover, although the sensiuvity of the cloud cover to
changes :n vertical velocity are well simulated. At other relative humidity intervals and levels. Eq.
4 produces better or worse agreement with the trends revealed by these observations. and on
average. the formuliation suggested above produces the best overall approximation  lore
complicated formulations emploving additional free parameters were mvestigated. but the
additional complexity of the tormulations did not signiticantly reduce the differences between

observed and calculated cloud cover relative to the tormulations described above.

3. Cloud cover under convectively unstable conditions

We now consider regions where buovancy-induced convection can influence cloud
coverage. As noted above. convectively unstable areas are detined as regions in the atmosphere
where rarcels that are slightly less dense than their surrounding environment can rise to atter being
given a munor impulse. Fig. 11 shows the average cloud cover within (320 km)- unstable areas as
a tunction of the laver relative humidity and pressure. This figure is qualitatively similar to Fig. 6

showing cloud cover under stable conditions: 1. e. cloud amount maximizes in the middle
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troposphere.  Fig. 1 1b shows the ditference berween the stable and unstable cloud covers f . -
funsiable 41 the same relative humidity and pressure. Since the observations from which these
figures are constructed contain a high level of scatter, some ot the ditferences between stable and
unstable cloud covers may not be statixucally significant. Therefore. we perform a chi-square
analvsis of these difterences. Relative numidity and cloud cover data pairs were aggregated into
1067 ¢loud cover increments at each 37 umidity increment and pressure level. The unstable and
stable cioud cover trequency distributions werg then - Ojected to a chi-square contfidence limits
test. Differences between stable and unstible cioud cover that are significant at greater than the
V5% contidence limit are denoted by neavv x ~ on Fig. 11b. and differences that are signiticant at
creater than the Y0 limt are denoted by ~uun v~ Differences that are not close to an "x” on Fig.
. Ibare usually small and mayv not be statisucaliv siznificant.

Fig. i1 shows that under retatsety unud convectively unstable conditions. we see
evidence for increased cloud amounts reiative t “able conditons at the same humidity in the upper
iroposphere. In the lower troposphere. »ion hurmdity environments where convection s possible
contain lower cloud amounts relative to siaple conditions at the same relative hurmdity. which may
resuit from the subsidence of dry air :nto the .ower troposphere under convectivelv unstable
conditions. These difterences seem pnveicaily -easonable. However. under unstable conditions
there 1s a regron ot significantly lower ctoud armounts when hunudities are below 65%% in the upper
troposphere that cannot be casiiyv expizined. This anomalous behavior prompted a turther
investigation ot the cloud cover and humidity data.  Further analysis of the MMJ interpolation
svstem showed that under unstable cond:tions. the upper troposphere is calculated to become
rapidly saturated when observations are not assimitlated into the model forecast equations (1. e. the
MM s run inoa Cforecast” mode awan from the model boundaries). The MM4 calculates
hunudities approaching 80 - 1007% in the laver :tom 300 - [00) mb over the region of convective
stormis assoctated with transient coid ang wares fronts. Sunultaneous observations showed much
smaller regions of humidities in excess of ~047 vetween 300 - 3 mb. and above 250 mb. relative

humidities never exceeded 2007, As notee previously. these upper-tropospheric relative hunudities
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are notortousiy unreliable. However. the differences between the calculated humidities and
“observed” humidities are considerable in the regions of frontal convection. For the version of the
model usea 1n this analvsis. any biases introduced by the model phvsics into the calculation ot
water vapor that is partually deleted since water vapor calculations are continuousiv ““nudged”
towards the relatively drv observauons. Despite this correction. there is a possipility that under
convectively unstable conditions. there mayv be 1 bias in the MMJ3-produced moisture calculations
that employ the moisture-convergence based convective parameterization. [t this s the case. then
the relative numdities used to construct Fig. 11 may be higher than were actually present.
especiaily under the unstable conditions when the MMJ4 convective parameterization was
calculating r:gher moistures than observed in the upper troposphere.

Thus, we see an inconsistency between the MM4 humidity calculations and the 3DNEPH
cloud cover under unstable conditions. Cloud amounts tvpical of relattveiv low humudities under
stable conditions are bemng observed at the higher humidities calculated vy the MM4 in unstable
areas.  Since observed humidities above about 300 mb are highly uncertain, and possibly
significantly lower than the MMd4 calculations when it is exercised in a predictive mode. it appears
that humidity caleulated using MM under convectively unstible conditions may be overestimated.
In short. there ¢ very few clouds observed where the MM ix calculating 830 - 100 hunudities.
suggesting that the humidities may be too high.

Because ot these apparent discrepancies. we teel that we cannot refiably use the
observation-interpolation svstem described above to derive relationships between cioud cover and
humidity under unstable conditions. More accurate methods ot correlating cloud cover and relative
humidity or other meteorological factors will require more accurate methods of interring moisture
distributions over large areas. particularly within convectively unstable areas. This apparent
discrepancy may also intluence humidity “measurements™ reported here under stable conditions in
the upper troposphere since this is an integrated obsenvation assimilation system. although these
errors wouid be continuousiy minimized in areas where observatons are available. However. as

noted earlier. i the upper roposphere where even direct measurements ot water vapor are highly
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uncertain. any tormulations representing relationships between cloud cover and humidity derived

from those measurements are open to considerable uncertainty.

6. Discussion and Conclusions

In this studv. we have compared satellite observations of fractional cloud coverage within
~(320 km)? areas with related meteorological observations over the northeast U. S. during a
springtime midlatitude cyclone. Cloud cover observations were derived trom the U. S. Air Force
3DNEPH analysis of satellite imagery. aircratt reports. and surface-based observations. Other
meteorological measurements were interpolated from radiosonde observations using a hvdrostatic
mesoscale meteorology model. Co-located comparisons of the cloud cover with other
meteorological measurements show considerable uncertainty, although we find moderate
correlations between cloud cover and relative humidity and vertical velocity. An analysis of the
relationship between observed cloud cover and humidity suggests that cioud cover decreases
exponentially as humidity falls below 100%. Relative to other layers in the troposphere, the
middle roposphere (700-500 mb) contains highe: :loud amounts at lower humidities, with mean
cloud amivunts of ~30% near 50% humidity. At the same relative humidity. cloud cover increases
with increasing vertical velocity, and cloud cover also exhibits weak negative correlations with
potential temperature lapse rate and vertical shear ot the horizontal wind.

The analyses described above were repeated at several different horizontal averaging
resolutions. The fundamental observations were horizontally averaged trom areas representing the
horizontal gnid size of the meteorological interpolation model (80 km) up to 8 x 8 averages (640
km) of the finest resolution observations. There were only minor quantitative tluctuations of the
correlations described above. and the only parameters which changed significantly were the root
mean square deviations and the correlation coetticients between tormulations of cloud cover based
on other meteorological factors. As the horizontal averaging area became larger. the “scatter” (e. g.
see Fig. 5) became smaller as numerous grid areas with deviations became merged into a single
area. Thus, the above-described methods tor estimating cloud cover within a particular

atmospheric layer should be applicable for all model grid sizes > 80 km.
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< nder conditions when buovancy-driven vertical motions are possible, we find some
discrepancies between model calculations of relative humidity and the cloud cover observations.
suggesting a bias in the method of interpolating relative humidity in the upper troposphere. In
particular, we see iow cloud amounts that are typical of much drier conditions occurring at higher
humidities under unstable conditions. which we attribute 10 excessive vertical transport of water
vapor under convective conditions. We are thus using the 3DNEPH cloud observations as an
evaluation tool. In & manner similar to Nehrkorn and Hoffman (1990), our analysis suggests that
cloud coverage may be a useful tool to infer relativ- “umidity, contrary to the underlying purpose
of most cloud cover algorithms: to infer cioud coverage from other “easy to estimate”
meteorological factors. For inferring upper tropospheric water vapor concentrations, perhaps
satelliie-derived cloud coverage is a parameter that is easier to estimate with greater accuracy than
relative humidity.

Despite the high level of uncertainty present in this analysis ot cloud cover. it is obvious
that most parameterizations ot cloud coverage used by current climate models calculate smailer
cloud amounts than reported by the 3ADNEPH observations. especially in middle tropospheric
levels at relative humidities less than 70 - 80%. 1t is apparent that many cloud cover formulations
shown in Fig. I assume that cloud cover fractions are considerably lower than the mean minus one
or more standard deviations from the measurements presented in Fig. 5. The differences between
current formulations and these observations is greatest at low humidities. Many of the
formulations for cloud cover used by climate models are not actually based on short-term
observations of cloud cover and relative humidity. Rather. these formulations along with their
“critical humidities™ are “tuned” within the context of their host model physics and dynamics to
vield reasonable esumates ot the global. long-term planetary albedo. Thus. cloud cover
tormulations are “backed-out™ of their host model. and represent a tunctional form which when
used in the particular climate model for which they were tuned. vield a reasonable planetary albedo.
The danger of this method of assessing cloud cover is that other model uncertainties and even

errors can be compensated tor by an incorrect cloud cover formulation. For example, if a model
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uses an optical depth for clouds that is too great, then this error can be compensated for by making
the clouds smaller (i. e. a smaller cloud tractional coverage). Most cloud cover formulations
appear to calculate cloud amounts that are considerably smaller than reported in the 3DNEPH
archive, vet these same climate models claim to reproduce the global planetary albedo accurately.
This suggests that other components of climate models may be uncertain or in need of
improvement.

These results suggest that current methods of calculating cloud coverage within large-scale
climate simulations or atmospheric chemical modeling studies are significantly underestimating
cloud amount at most relative humidities. More importantly, current climate models probably
cannot adequately estimate the potentially significant changes in cloud cover that can vesult from
small changes in relative humidity. As 1s clearly shown in Fig. 1. a small change in relative
humidity can result in large or small changes in cloud coverage, depending on which cloud cover
algorithms are used. This analysis ot the 3ADNEPH cloud archive shows an exponentially
decreasing cloud cover as relative humidity decreases. and no clear “critical relative humidity”
below which there are no clouds. More importantly, according to the trends revealed by this
analysis. cloud amount probably changes as relative humidity changes at any relative humidity.
unlike current formulations. which only allow cloud cover to change when relative humdity is

greater than 60 - 90%.
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FIG. 1. Fractional cloud coverage as a function of relative humidity at 800 mb according to

various tormulations used by meso- and global-scale atmospheric models.




DECEMBER 1992 WALCEK 24 of 33

cloud cover

FIG. 2. Cloud cover averaged over (320 km)- areas (box shows a sample area) in the layer
800-730 mb at 18 UT. 23 April 1981 according to the U. S. Air Force 3DNEPH compilation of

surface reports. aircraft observations. and satellite-derived data.
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FIG. 3. Relative humidity averaged over (320 km)“ areas in the laver 800-730 mb at 18 UT,

23 April 1981 interpolated from grided NMC observations in time and space using a hydrostatic

mesoscale meteorology model.
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FIG. 4. Correlation coefficient at various atmospheric levels for the best-fit linear relationship
between cloud cover and relative humidity, potential temperature lapse rate, wind shear. and (320
km)? averaged vertical velocity.
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FIG. 5. Fractional cloud coverage as a function of relative humidity at 800-730 mb. Each

point represents one (320 km)? area in the domain shown in Fig. 3 during 20-24 April 1981. Only
grid areas where no buoyancy-driven convection can occur are considered. Lines show the mean
and standard deviation of cloud cover within 3% increments of relative humidity.
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FIG. 6. (1) Fractional cloud coverage and (b) standard deviation of fractional cloud coverage

15 1 function of relative humidity and pressure during 20 - 24 April 1981 over the northeast U. S.

shown :n Fig. 3. Only areas where no convection occurs are used to construct this figure.




DECEMBER 1992 WALCEK 29 o1 33

Pressure relative to surface pressure
Height .bove surtace (km)

(1-Rhe) - relative humidity depression where f = 1/e

FIG. 7. Contours of the root mean square error (% cloud cover) in calculating cloud amount
trom relative humidity using Eq. (2) as a function of values for the critical humidity depression (1-
Rh.) and pressure level in the atmosphere. Points represent the values for (1-Rh,.) that vield the
minimum difference between observed and calculated cloud faction. Solid curve shows Eq. (3).
the suggested vertical variation of (1-RA,).
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FIG. 8. Fractional cloud coverage as a function of vertical velocity at 800-730 mb. relative
humidity between 50 - 35 <. Each point represents one (320 km)< area in the domain shown in
Fig. 3 during 20-24 April 1981. Only grid areas where no buovancy-driven convection can occur
are considered. Line identified as “trend” shows the mean cloud cover within 1 cm s°F vertical

velocity increments. Line identitied as “Eq. 3-47 shows cloud amount calculated using Eq. 3 - 4.
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FIG. 9. Critical relative humidity depression that vields minimum root mean square ditference
between calculated and observed cloud cover as a tunction of vertical velocity at the 8¥) - 730 mb

aver.
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FIG. 10. (a) Vertical variation of the sensitivity of critical relative humidity depression to
vertical velocity (Rh change per cm s°! - slope of best fitting line shown in Fig. 9). Data points
plotted are the values in Egs. 4 which yield the minimum RMS difference between 3DNEPH and
cloud cover calculated from relative humidity and vertical velocity. (b) Root mean square

differences between cloud cover calculated using Egs. 2 - 4 and observed cloud cover during 20 -
25 April 1981.
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FIG. 11. (a) Fractional cloud coverage as a function of relative humidity and pressure during
20 - 24 April 1981 over the northeast U S. (domain shown in Fig. 3). Only areas where
buoyancy-driven convection can occur are considered in this figure. (b) Difference between stable
and unstable cloud cover (f .pie - funsuble: F12- 6@ - Fig. 11a) as a tunction of relative humidity
and pressure. Heavy x's denote differences that are significant with greater than 95% confidence.
lighter x's denote differences that are significant above a Y0% contidence threshold. All other
areas contain differences that are significant at less than 90% contidence. Shaded areas in Fig. 11b
show areas where cioud cover is greater under convectivelv unstable conditions relative to stable

conditions at the same pressure and relative hunudity.
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